Abstract Climate change is projected to increase the frequency and severity of extreme weather events. As a consequence, economic losses caused by natural catastrophes could increase significantly. This will have considerable consequences for the insurance sector. On the one hand, increased risk from weather extremes requires assessing expected changes in damage and including adequate climate change projections in risk management. On the other hand, climate change can also bring new business opportunities for insurers. This paper gives an overview of the consequences of climate change for the insurance sector and discusses several strategies to cope with and adapt to increased risks. The particular focus is on the Dutch insurance sector, as the Netherlands is extremely vulnerable to climate change, especially with regard to extreme precipitation and flooding. Current risk sharing arrangements for weather risks are examined while potential new business opportunities, adaptation strategies, and public-private partnerships are identified.
Introduction
Weather-related catastrophe losses have been significant in the last decade, posing considerable challenges to the insurance industry worldwide. For example, in the last decade (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) the United States experienced the second most damaging hurricane season 1 of the past century in terms of damage that has been normalized for inflation and wealth. Only the decade 1926-1935 suffered higher damage costs due to hurricanes (Pielke et al. 2008) . Weather-related losses in Europe have been considerable as well. The flooding in Germany during 2002 caused losses of about € 9.2 billion (Munich Re 2002) .
2 England experienced two major flood events in the summer of 2007 caused by extreme precipitation. Overall economic losses amounted to about four billion dollars per event, of which three billion was insured. The extent of economic losses suffered highlights the vulnerability of modern societies to climate extremes.
It is projected by the Intergovernmental Panel on Climate Change (IPCC) that climate change may increase the frequency and severity of weather extremes, such as (extreme) precipitation, tropical cyclones, and heat waves in certain regions. The effects of climate change on other small-scale extreme weather phenomena, such as lightning and hailstorms, remain uncertain (IPCC 2007) . The potential of global warming to increase vulnerability to weather extremes is especially relevant for the insurance sector (Vellinga et al. 2001) . The insurance industry is the world's largest industry in terms of revenues and insurers bear a large portion of weather-related risks, such as damage caused by floods and storms (Mills 2007) .
A study of five out of ten of the largest liability insurers and three additional insurers 3 in the Netherlands concludes that climate change is not regarded as a worrisome issue (de Rooij and van den Bergh 2005) . Insurers argue that adjustments of premiums and levels of coverage are sufficient to accommodate changes in loss patterns. Indeed, the flexible nature of the industry characterized by mostly short-term contracts, which allow for fairly quick adjustment of premiums, seems to assure its resilience against climate change. Nevertheless, the lack of concern may turn out problematic if it means that increased loss exposures are insufficiently and with considerable delay incorporated in premiums and risk management practices. Adjusting premiums based on experiences of past claims may insufficiently reflect changes in the probability of extreme weather events due to their low probability nature.
The relevance of weather risks for the insurance sector becomes evident by observing past trends in insured and other economic natural catastrophe losses. Data of past natural catastrophe losses collected by Munich Re (2006) indicate that increased global trends in losses can already be observed. The main factor behind this rise in losses has been societal change. Continued economic growth, economic development and population growth, notably in vulnerable regions (e.g., coastal zones), combined with rapid and extreme climate change is likely to accelerate and magnify the tempo and extent of damages. The influence of climate change on trends in catastrophe losses is likely to be profound since a large change in weather extremes can be expected due to a change in mean climate conditions (Dlugolecki 2006) . The best strategy for insurers seems to incorporate expected changes in probabilities of weather extremes in assessing exposure to, and pricing and management of, risk. Projected changes in probabilities of extreme weather events can be obtained from regional climate models, from which the Royal Dutch Meteorological Institute (KNMI) has developed climate scenarios for the Netherlands (van den Hurk et al. 2006) . A clear need for adaptation measures exists to reduce risk exposure given the historical emissions of greenhouse gasses and their subsequent effect on radiative forcing in the future ). Moreover, societal developments such as increased economic development in vulnerable areas, e.g., coastal zones, necessitate the undertaking of risk reduction policies in order to guarantee insurability of weather risks. In addition to commonly used traditional measures to limit risks, such as increasing premiums and limiting coverage, the insurance sector could play an important role in stimulating and promoting climate change mitigation and adaptation policies (Mills 2007) .
Climate change projections for the Netherlands mainly indicate an increase in risk of extreme weather events (van den Hurk et al. 2006) . Nevertheless, the consequences of climate change for insurers are not only negative. For example, the probability of frost may decline in the future which could decrease claims on certain crop insurance policies. Climate change can further present new profitable business opportunities. Insurance demand for currently non-existing insurance markets can increase in the future when economic losses of weather risks increase (Botzen and van den Bergh 2009) . However, problems with insurability of weather risks may hamper the development of markets, due to the correlated nature of these risks and the uncertainty associated with the likelihood and impact of extreme weather events (Kunreuther and Michel-Kerjan 2007) . Because of these difficulties, recently, public-private partnerships have been proposed to insure catastrophe losses in the USA (e.g., Kunreuther 2006; Kunreuther and Pauly 2006) and flood risks in the Netherlands (Botzen and van den Bergh 2008) . Such partnerships may also be promising solutions for meeting demand to compensate weather related damages that are currently not covered by private insurance, such as drought risk for the Dutch agriculture sector. This paper will examine the current distribution of weather risks between the public and insurance sectors in the Netherlands and explores how these risks may be affected by climate change. The analysis will address a wide range of weather events, such as extreme precipitation and floods, windstorms, extreme drought, and hailstorms. Observed changes in climate and climate change projections for the Netherlands will be taken as a starting point. Furthermore, the consequences of climate change for the insurance sector are assessed and alternative arrangements are explored, while several strategies the insurance sector can adopt to deal with increasing risks are investigated.
The remainder of this paper is structured as follows. Sect. 2 highlights the relevance of climate change for the (global) insurance sector and provides insight into historical developments of catastrophe losses globally. Sect. 3 presents both observed and projected changes in climate for the Netherlands. This serves as the basis for Sect. 4, which examines the effects of climate change for current risk sharing arrangements in the Netherlands. Subsequently, Sect. 5 identifies several strategies for insurers and the government to deal with increased risks. Finally, Sect. 6 concludes.
2 The relevance of climate change for the insurance sector worldwide Some of the projected changes by IPCC in extreme weather events that have been discussed in the previous section can already be observed. Research confirms that climate Nat Hazards (2010) 52:577-598 579 change is, at least partly, associated with an increased frequency or intensity of certain weather extremes that has been observed in the last decades, such as heat waves, extreme precipitation, and tropical cyclones (IPCC 2007) . Weather-related loss patterns indicate an increased importance of natural disasters for the insurance sector. Global inflation-adjusted insured and other economic losses of natural catastrophes as well as the frequency of events between 1950 and 2005 have increased considerably, as shown in Table 1 . It is relevant for insurance companies that insured losses increased rapidly as well, which is partly due to higher insurance penetration. This is reflected by the L/I ratio, where L denotes economic loss and I insured loss. This ratio has decreased from 30 in the 1950s to about 3 in the period 1996-2005, because of the development of insurance markets worldwide. The development of the L/I ratio of natural disaster losses signifies the increased importance of extreme weather events for insurers. The proportion of losses caused by weather-related events in total catastrophe losses is significant. For example, storms and floods account for 58% of economic losses and 80% of insured losses between 1950 (Munich Re 2005 . Growth trends in losses as a result of non-weather related events have been rather constant over the past three decades (Vellinga et al. 2001; Swiss Re 2005) . This could mean that weather extremes have become more frequent and severe, or that vulnerabilities to weather and non-weather types of hazards have evolved differently over time.
Empirical evidence suggests that climate change may have contributed to the increased losses caused by natural disasters, due to an increased frequency and intensity of extreme weather events (Vellinga et al. 2001; Epstein and McCarty 2004; Mills 2005) . However, caution is warranted, as considerable uncertainty remains concerning the influence of past climate change on the recent growth in losses (Changnon et al. 2000; Pielke et al. 2005) . It has been shown that the rise in losses around the world is mainly due to socioeconomic factors (Changnon 2003; Miller et al. 2008; Crompton and McAneney 2008) . A major part of the trend is caused by hurricane damage in the USA, which do not exhibit an upward trend after normalization for societal change, in particular, changes in wealth or assets (Pielke 2005; Pielke et al. 2008) . Socioeconomic factors that caused increased losses are population growth, growth in single person households, increasing wealth, environmental degradation, industrialization in more vulnerable areas (e.g., flood plains and coastal areas), increased vulnerability of modern societies and technology, and increased concentration of population and economic values (Berz 1999; Hoff et al. 2003) . In addition, increased insurance coverage and changing attitudes toward compensation have resulted in a rise in the reporting of losses (Vellinga et al. 2001) .
The effects of disaster risk reduction may potentially limit the influence of climatic factors on loss trends. Examples of risk reduction are increased coastal and river protection, improved building codes, improved weather forecasts, early warning systems, and 1950-1959 1960-1969 1970-1979 1980-1989 1990-1999 1996-2005 Source: Adapted from Munich Re (2006) improved disaster preparedness, response and recovery. In general, it is difficult to determine the independent role of climate change in the increase in losses reported due to the low probability nature of extreme events, the relatively short time span of loss records and the various societal factors that influence disaster loss records. In the past, the major cause of increased catastrophe losses have been socioeconomic developments, such as increases in wealth and vulnerability. In the future, a combination of societal change and climate change is likely to result in a considerable increase in insured disaster losses. have indicated that loss potentials of the 10 largest cities of the world are projected to increase between 22 and 88% by 2015 due to socioeconomic developments only. In addition to societal change, insurers are expected to suffer from changes in location, frequencies and intensities of catastrophic events, for example major storms, as well as ordinary (smaller) weather events, such as local precipitation (Mills et al. 2002) . The result will be an increasing average loss burden and larger yearly fluctuations in losses.
Premium income may lag behind the development of claims if the changing risks due to climate change are not properly accounted for in calculating premiums. Merely adjusting premiums on past experience is unlikely to fully reflect changes in risk in the face of lowprobability high-impact events (Tucker 1997) . This can result in declining reserves and profitability of insurers. However, increased diversification and firm size, integration of insurance with other financial services, the development of improved financial instruments to transfer risk, and the flexible nature of the industry with short-term contracts contribute to overall resilience of the sector against climate change. Adaptation of the insurance industry to risks that change gradually will be less difficult and costly than adaptation to rapidly changing risks.
We note that the effects of socioeconomic developments and climate change on natural disaster damage are unequally distributed around the world (IHDP 2007) . Climate change is expected to have larger economic consequences for developing countries (e.g., Tol 2002a, b; Stern 2007) , mainly because their adaptive capacity is lower and they can spend fewer resources on an effective adaptation policy. For example, coastal cities like Mumbai and Rio the Janeiro in developing countries are less protected against sea level rise than cities like Rotterdam in the Netherlands (de Sherbinin et al. 2007 ). Moreover, socioeconomic effects that augment natural disaster damage, such as increased urbanization, are expected to be more profound in the developing world. As an illustration, 95% of urban growth in the next two decades is expected to occur in developing countries (SanchezRodriguez et al. 2007 ). Often poor households are more at risk of natural disaster than richer households in developing countries, for example, because they live closer to main rivers (e.g., Brouwer et al. 2007 ). Poor households in developing countries commonly lack access to insurance markets so that most damage of weather risks is not carried by the insurance sector (Hoff et al. 2005) . In contrast, insurance penetration is high in most developed countries so that they cover a large part of the risk posed by climate change. The effects of climate change for insurers and possible strategies to cope with these risks will be discussed in a case study of the Netherlands in the subsequent sections.
Observed climate change and projections for the Netherlands
This section outlines the observed and projected changes in climate for the Netherlands. The findings and projections discussed are based on studies of the Royal Dutch Meteorological Institute (Verbeek 2003; van den Hurk et al. 2006) . In general, climate change in the Netherlands is in accordance with global climate change. Mean temperature in the Netherlands has risen with 1.2°C from 1900 on, which is slightly higher than the observed rise in global temperature. The increase in temperature has been associated with a strong increase in the number of extremely warm days and a moderate decrease in the number of extremely cold days. 4 All of the ten warmest days since 1900 took place after 1988 (van den Hurk et al. 2006) . Yearly precipitation in the Netherlands increased by 18% from 1906 on, which is mainly caused by increased precipitation in the winter, spring and autumn. Furthermore, extreme precipitation increased considerably during winter. The highest ''10-day precipitation sum'' per winter has increased by 29% since 1906. An increase in the frequency of storms has not been measured. In contrast, the number of storms gradually decreased from 1962 on (van den Hurk et al. 2006) .
Climate change projections for the Netherlands in 2050 relative to 1990 are shown in Table 2 . 5 Projections are made for four scenarios including a moderate and a warm (2006) 4 A specific day is defined to be extremely cold (warm) when the temperature on that day was lower (higher) during only 10% of the days between 1961 and 1990 (Verbeek 2003) . 5 A recent study by the ''Delta Committee'' in the Netherlands also presents climate change scenarios for longer time horizons, namely up to 2100 and 2200 (see http://www.deltacomissie.com in Dutch). These projections are not discussed here, since they provide an upper estimate of extreme climate change, and because the short term projections up to 2050 are more relevant for the insurance sector that has a short planning horizon.
scenario in which global temperature increases by 1 and 2°C, respectively, and corresponding ''plus'' scenarios in which atmospheric circulation changes in addition to the temperature change. Westerly circulation is stronger in winter and easterly circulation is stronger in summer in these plus scenarios. Mean temperature is expected to increase between 0.9°C in the moderate scenario and 2.3°C in the warm plus scenario by 2050. This increases the frequency of very warm summers, while the frequency of very cold winters decreases. Average precipitation in wintertime is expected to increase between 3.6 and 14.2%. The expected increase in summer precipitation is smaller in the moderate and warm scenarios with 2.8 and 5.5% by 2050, respectively. Average summer precipitation is even projected to decrease by 9.5 and 19% in the moderate plus and warm plus scenarios. Extreme precipitation is projected to increase considerably both in the winter and the summer. In contrast, the frequency of wet days decreases during the summer. Evaporation in the summer is also expected to increase significantly, especially when circulation patterns change, which increases the probability of droughts. Projected changes in the maximum average daily wind speeds per year are small. The strength of the heaviest storms (that occur less than once a year) could increase, even though van den Hurk et al. (2006, p. 73; and references therein) indicate that this is still very uncertain. Sea level is projected to rise between 15 and 25 cm for 1°C of global warming and between 20 and 35 cm for 2°C of global warming by 2050. The projected changes in climate shown in Table 2 can be expected to have a considerable impact on the Dutch economy and society as well as the insurance industry, which will be examined in the next section. In particular, these climate change projections indicate an increase in risk for extreme precipitation, flooding and drought spells.
Risk sharing arrangements of weather risks in the Netherlands
This section examines the main impacts of climate change on insured and uninsured weather-related losses in the Netherlands. The purpose is to identify which major weather risks are currently carried by the insurance or public sector, or households and businesses. Moreover, it will be examined how existing risk sharing arrangements may be adapted in response to climate change. This requires analyzing the economic consequences of the climate change projections discussed in Sect. 3, which can subsequently be related to specific risk sharing arrangements that are currently available in the Netherlands or that might be developed in response to changing risk. Climate change impacts will be discussed for extreme precipitation and flooding, windstorms, extreme drought, and hailstorms. The main focus is on monetary (property) losses caused by weather events. Although reference will be made to effects of extreme weather on health and life insurance, the overall impact of climate change on death rates due to extreme weather is expected to be limited in a developed country like the Netherlands. Globally, mortality rates due to extreme weather events have decreased considerably over the last century (IFRC 2003; Goklany 2007) , which indicates that societies have been able to adapt to increased health risks caused by more extreme weather, for example, by means of improved medical care (Goklany 2007). Evidently, human adaptation to climate change may also limit the damage caused by future natural catastrophes. Several adaptation strategies are provided that are specific to the weather risk discussed in this section and general strategies that can be undertaken by the insurance sector will be examined in Sect. 5. Nat Hazards (2010) 52:577-598 583
Extreme precipitation and flooding
Especially relevant for low-lying countries such as the Netherlands, are the economic consequences of increased (extreme) precipitation, peak discharges of rivers and sea level rise. We need to make a distinction between the risks of flooding and extreme precipitation, since different risk sharing arrangements exist for these risks. Flood damage is defined as damage caused by the failure of primary dikes or dams that protect areas from flooding of main rivers or lakes, which may be caused by extremely high water discharges, extreme drought that weakens dikes, or technical and human failures. Moreover, the potentially largest flood damage can be caused by flooding from the sea due to failures of coastal defenses during a storm surge. Extreme precipitation damage is defined as heavy local rainfall that can cause direct damage to property and crops, or result in an overflowing of secondary waterworks 6 at smaller rivers. Extreme precipitation can also inundate low-lying polders.
Climate change is expected to increase the risk of river flooding in the Netherlands, which can cause significant economic costs, as shown by the river floods in 1993 and 1995. The total damage of these floods amounted to approximately € 115 and € 65 million, respectively (Kok and Barendregt 2004) . The Netherlands is very vulnerable to flooding, since about 70% of properties lie below sea or river water levels (Kok et al. 2002) . Private flood insurance offered by insurance companies is not generally available since the major storm surge in 1953, implying that flood damage has to be paid by the private sector and the government. An exception is flood damage to cars, which is covered by motor hull insurance. Estimated losses for car insurers during the 1993 flood in the Netherlands were less than € 0.5 million (van Schoubroeck 1997).
Apart from increased flood risks due to precipitation, sea level rise may increase the intensity of storm surges, which are the main causes of sea floods in the Netherlands. Storm surges occur when water is pushed toward the shore by the force of strong winds. The probability of storm surges may increase if rises in sea level are very extreme. This may cause increased coastal protection to be insufficient. Flood risks are even higher in case where climate change also leads to higher wind speeds on the North Sea (Bouwer and Vellinga 2007) . The impact of storm surges in the Netherlands can be catastrophic, both in terms of expected economic losses, which could be in the order of € 100 billion (Kok et al. 2002) , and potential loss of life in the order of hundreds to thousands (Jonkman and Cappendijk 2006) .
Flood damage can be partly compensated by the government via the Calamities and Compensation Act (WTS), which is in force since 1998. An exception to this is damage caused by saltwater floods. The cabinet needs to give a separate approval to compensate damage of saltwater floods (Nielen-Kiezebrink et al. 2005) . Recently, the government decided to stimulate private flood insurance, for which purpose a ''Task Force'' consisting of insurance companies and officials from several ministries has been established.
The ad hoc arrangement via the WTS is undesirable, because eligibility for compensation is uncertain and incentives to limit losses for households are minimal.
7 Moreover, 6 Secondary waterworks are dikes or dams located within an area that is surrounded by primary waterworks. Secondary waterworks provide protection against smaller rivers or lakes whose water levels can be regulated by the government via water management practices. In contrast, primary waterworks provide protection against flooding from main rivers, lakes or the sea whose water levels are difficult or impossible to regulate. 7 Insurance arrangements may stimulate the undertaking of damage reducing measures at the policyholder level (Botzen et al. 2009a) . Such measures are effective in reducing flood damage near rivers, but may be infeasible in certain very low-lying polders.
projected increases in relief payments due to climate change may cause considerable pressure on public budgets. The advantages and difficulties with introducing insurance against damage from extreme weather events and flood insurance in the Netherlands in particular have been discussed extensively by Botzen and van den Bergh (2008) and therefore need not be repeated here. They propose a public-private partnership in the form of a multi-layered insurance arrangement for flood damage, as shown in Fig. 1 . The bottom layer of small losses is paid by households and companies. The private insurance sectors cover the middle layer and hedge risks on capital markets while the top layer of large losses is covered by the government to overcome problems of insurability of highly correlated flood risks. Damages resulting from extreme local precipitation can be considerable as well, even in the absence of a flooding event. For example, extreme precipitation events in 1998 caused damage of approximately € 408 million, of which 80% was crop damage. The government compensated about € 280 million, mainly via the Calamities and Compensation Act (WTS). Only € 27 million of total damage was insured (Kok and Barendregt 2004) . A large proportion of the damage was neither covered by private insurance nor compensated by the government and was, therefore, carried by households and businesses. In response to these severe precipitation events, the government urged to increase the insurability of damage resulting from extreme precipitation, in order to reduce future government relief payments (Kok and Barendregt 2004) . In 2000 the Dutch Association of Insurers has advised its members to include coverage for damage caused by local extreme precipitation in building, home furniture, and inventory (company assets) insurance.
Currently, insurance against property damage that results from severe precipitation is readily available for households in the Netherlands. About 40% of the insurance companies that offer building and home furniture insurance to households cover damage resulting from severe local precipitation. In contrast, only 11% of the insurance companies that offer inventory, assets, and building insurance to companies cover this damage (Heerkens 2003) . 8 The definition of local extreme precipitation that the Dutch Association of Insurers suggested to include in insurance policies is precipitation near the location where damage has been caused of at least 40 mm in 24 h, 53 mm in 48 h, and 67 mm in 72 h. The current return period of more rainfall than 40 mm in 24 h is about 3 years (Wijngaard et al. 2005) . The Royal Dutch Meteorological Institute (KNMI) has estimated that climate change may increase this return period to once in 2 or 1.5 years by 2050, depending on the climate change scenario (Groen 2007) . From this can be derived that a rough estimate of an increase in the frequency of insurance claims for extreme precipitation damage could be as high as a factor 2. This is likely to have a considerable impact on insured losses. damage (Kok 2006) . Suppose that damage in that year is representative of an average year. In case if climate change increases the frequency of claims by a factor of 2, then future insurance losses may be estimated as € 350 yearly. It is assumed that losses increase linearly with precipitation intensity. This may, however, be a conservative estimate, if a rise in frequency and severity of precipitation would increase damages in a nonlinear way. Crop damage caused by severe precipitation can be insured from 2004 onwards by the insurance company Agriver in the form of a public-private partnership. This insurance consists of a mutual fund that is financed by premium contributions by its policyholders. Policyholders can be obliged to increase their contributions to the fund up to six times their normal premium if yearly payouts exceed collected premiums. The government supports this insurance by doubling premium contributions up to € 50 million per year in case severe damages arise that are larger than the capacity of the fund. A considerable part of the damage has to be paid by the agricultural sector, because the deductible is 25% of total insured damage. A similar type of insurance arrangement with a possibility for a lower deductible of 15% has been offered by the insurer Aquapol since 2005.
The policy conditions of crop insurance against extreme precipitation are more restrictive than for property insurance stated before. Damage will only be paid in case rainfall is more than 75 mm in less than 24 h, more than 100 mm in less than 48 h or more than 150 mm in 96 h. The current return period of more rainfall than 75 mm in 24 h is once in 70 years. This return period is projected to increase in between once in 20 years and once in 50 years due to climate change by the year 2050 (Groen 2007) .
The extreme precipitation event in the South West of the Netherlands in 1998 may be exemplatory to illustrate the effects of climate change on crop insurance claims. The government compensated about € 140 million of the damage suffered, of which approximately € 110 million (80%) was crop damage (Kok and Barendregt 2004) . Damage was only compensated in areas where rainfall was more than 100 mm per 48 h, which is more restrictive than the current crop insurance policy. If we suppose that this damage is representative for an event that triggers the crop insurance policy, then under current climate conditions the yearly expected loss of such an event is approximately € 1.6 million.
9
Climate change increases this yearly expected loss between € 2.2 million up to € 5.5 million in 2050, depending on the climate change scenario. Expected claims will be larger when more extreme precipitation increases damage nonlinearly.
Several adaptation measures can be undertaken to partly limit the rise in risks of extreme precipitation. Improved water management could reduce the damage that results from more extreme precipitation. For example, measures that are being considered are to increase capacity to store precipitation water, increase pumping capacity in low-lying areas and improve discharge possibilities of precipitation water via rivers (Aerts et al. 2008) . Such measures only limit damage partially because damage caused by the direct impact of extreme rainfall is not prevented. Agricultural crop damage in particular may be limited by improving water drainage systems of farmers or shifting production to less vulnerable crop types and cultivation modes. Insurers could play a role in stimulating the undertaking of such damage mitigation measures via requirements in policy regulations or by providing discounts to farmers who invest in drainage systems. However, it is noted that in general, economic and societal developments are likely to be more important factors driving crop 9 This is computed by dividing the loss of € 110 million by the return period of 70 years. This calculation is based on damage due to a single event instead of a yearly loss amount that was used in the previous computation of future claims on home insurance policies. This is done because crop insurance policies only pay out under more extreme rainfall than home insurance policies.
choice and production modes than climate change (Netherlands Environmental Assessment Agency 2005).
Changes in precipitation may further affect road safety and related insurance claims of motor vehicle insurers. Koetse and Rietveld (2009) indicate, however, that the impact of changes in precipitation on road safety in the Netherlands is ambiguous. In the summer, the frequency of wet days is expected to decrease, while extreme precipitation is expected to increase. The combination of these effects has uncertain impacts on accident rates. During winter, both, the frequency of wet days and extreme precipitation are expected to increase, which may increase the risk of accidents. However, traffic is generally slower during precipitation, which may decrease the damage of an accident once it occurs. Further research is required to assess the influence of the combination of these effects on accident frequency and severity, before impacts on motor vehicle insurers can be estimated.
Windstorms
The Netherlands is susceptible to windstorms, especially during the winter. Past experience with windstorms indicates that storms can inflict considerable damage on properties. For example, the major windstorm Daria in 1990 caused estimated damages of € 1.2 billion, which equals about 0.5% of the Dutch GDP at that time. Approximately € 0.7 billion or 60% of this total damage was covered by insurance companies, which represents claims from damage on cars, private houses, businesses, as well as industrial and commercial buildings (Munich Re 1993). The insurance coverage of storm damage on property is nearly universal in the Netherlands. Only government properties are not insured. Therefore, the effects of climate change on wind speeds and storm frequencies are very relevant for Dutch insurers.
The climate change projections for maximum wind speed shown in Table 2 indicate that considerable uncertainty exists about the effects of global warming on the severity of windstorms. Maximum average daily wind speeds per year are expected to remain the same in the ''moderate'' and decrease in de ''warm'' scenario, while they are expected to increase by 2 and 4% in the ''moderate plus'' and ''warm plus'' scenarios. This increase in wind speeds in the plus scenarios seems minor. However, a small change in peak wind speeds can have considerable consequences for damage. This is the case because the relation between wind speed and damage is exponential for increases in wind speed between 1 and 10%. In particular, Dorland et al. (1999) have estimated that a 2% increase in daily peak wind speed and scenarios of population and economic growth by the year 2015 may lead to 50% more storm damage. This is based on using a geographical and statistical storm model for the Netherlands.
10 Of this 50% additional damage, only 20% is due to population and economic growth, meaning that the change in climate is more important. Therefore, the effects of changes in wind speeds in the 'plus scenarios' of climate change projections on insurance losses could be substantial, if daily peak wind speeds increase as rapidly as the projected maximum average daily wind speeds per year. Further research on changes in atmospheric circulation in the Netherlands is needed before any conclusive statements about the likelihood of the plus scenarios and corresponding effects on insured windstorm losses can be made.
11 10 A simpler model that is based on national average data indicates that damage could even increase by 80% when peak wind speeds increase by 2% (Dorland et al. 1999) . 11 The KNMI climate change scenarios comprise daily mean wind speeds. Further research is needed to obtain insight into prolonged or sustained wind speeds (van den Hurk et al. 2006 ).
Extreme drought
Hot summers and periods of extreme drought are likely to become more common, as a result of global warming. The shortage of rainfall experienced in the moderately dry summer of 2003 in the Netherlands currently occurs once in every 10 years, while it is expected to occur every 6-8 years in 2050 . Water shortages can result in increased costs, reduced production and poor product quality. Impacts can be significant especially for the agricultural sector. Crop failure occurs when summers are extremely warm. In addition, crops will be damaged when farmers do not have sufficient access to water supplies for irrigation during periods of extreme drought. For example, the 2003 heat wave in Europe threatened Dutch agriculture in the low-lying delta due to increased salinity, which makes water unsuitable for irrigation purposes. Problems with salinity can become more severe in the future in the Western part of the Netherlands, due to sea level rise and land subsidence . Average long-term drought damage for the agricultural sector in the Netherlands is estimated to be € 150 million per year and € 1.8 billion in extremely dry years that occur every 90 years .
12 Currently, there is no insurance for farmers against crop damage resulting from drought, implying that these costs are born by the agricultural sector.
A recent study examines the possibilities of introducing insurance with coverage against extreme drought damage bundled with other weather risk for the agricultural sector in the Netherlands (van der Meulen et al. 2006; van der Meer et al. 2007 ). Based on a stakeholder analysis of representatives of the agricultural sector and insurers it concludes that these parties are positive about introducing a broad weather insurance, provided that this is financially backed up by the government. Insurance of drought risks is difficult in a purely private market due to a lack of statistical data to estimate loss distributions and the correlated nature of the risk. Moreover, a large deductible will be necessary to avoid problems of moral hazard. The government may play a role as a reinsurer of extremely large damages so that premiums are not too high, and a market can be established. A public-private partnership as currently exists in insuring crop damage caused by rainfall, or as has been proposed to insure flood damage seems promising for insuring agricultural losses caused by extreme droughts. Demand by the agricultural sector for such an arrangement is likely to increase in the future if climate change increases the frequency and intensity of drought spells.
An insurance coverage against extreme drought damage may be beneficial for economic stability broadly if it ensures continuity of individual farmers after heat spells and contributes to overall resilience of the agricultural sector against climate change by covering potentially catastrophic damage. In addition to introducing crop insurance against drought, other measures could be undertaken that foster adaptation of the agriculture sector to increased summer drought risk. For example, water storage during wet periods may be improved by creating new freshwater basins so that more irrigation water is available during dry spells. Moreover, farmers near the coast may shift to growing crop types that are 12 Decreased revenues because of drought are estimated to be on average € 675 million per year (using 30 years of data). These losses are calculated by subtracting actual revenues from potential revenues obtainable in a situation with optimal circumstances. However, not all losses are perceived as damage. Reductions in revenues during years with average losses are regarded as being normal by the agricultural sector. Therefore, it is better to define damage as the excess reduction in revenues relative to an average situation. Using this definition, long-term average damage amounts to € 150 million per year. This damage is adjusted for positive effects of warm summers on crop yields . less susceptible to salinity of irrigation water, even though market developments are likely to be the main driving forces behind choices of cultivated crops (Stuyt et al. 2006) .
Apart from effects on agriculture, periods of drought also have a considerable impact on the industrial, energy and shipping sectors . Less rain and increased evaporation decreases the supply of water available for cooling and shipping. Decreased availability of cooling water limits capacity for generating electricity and industrial production. Furthermore, increased salinity of water and higher water temperatures during drought periods decreases the quality of cooling water.
Ships on the major transport route Rotterdam-Germany-Basle cannot be fully loaded when discharges of the Rhine drop below 1,000-1,200 m 3 /s, which increases transport costs. The costs of the 2003 drought for the inland waterway transport sector have been estimated as € 111 million , or about 11.1 million expected damage per year with a return period of once in 10 years under the current climate.
13 Climate change is likely to increase the average number of days per year that the Rhine discharge at Lobith is below 1,000 m 3 /s from 19 under present conditions to 26 till 34 days in 2050 (Middelkoop et al. 2001) . As a result, future transportation costs could rise and the profitability of shipping companies may decrease in case increased costs are not fully passed on into higher prices, or risks are not fully covered through contract design. Costs are mainly passed on through higher prices, which may be undesirable for clients of shipping companies if such costs increases occur commonly in the future due to climate change. At this moment the risks of drought are carried by these sectors themselves and insurance products are absent. It may be relevant for insurance companies to examine if profitable insurance products can be designed to hedge these losses in extremely dry periods, especially because other adaptation options are limited.
Insurance companies already face some risks of increased drought under current arrangements. An adverse effect of drought is increased fire risk. The probability of fire damage to residences and company buildings including home furniture and machinery is higher in dry periods, which can increase insurance claims. The probability of wildfires increases during periods of drought, resulting in more forest and heath fires, as happened in the Dutch national park ''De Veluwe'' during extreme drought in 1976. Such fires potentially damage (nearby located) property. Heat waves can further result in increased daily mortality and morbidity. For example, the 2003 heat wave in the Netherlands has been estimated to cause approximately 500 deaths due to heat stress, mostly among elderly people (Kabat et al. 2005) . It is complicated to assess the impacts of increased illness on health insurance claims and mortality on life insurance claims caused by climate change compared with effects of climate change on property claims, due to difficulties in measuring their independent effects on insurance claims.
Hailstorms
Considerable uncertainty exists about the influence of climate change on the frequency and intensity of small-scale weather phenomena, such as hailstorms, and there are insufficient studies to assess historical changes (IPCC 2007, p. 315) . The possible consequences of climate change on hailstorm damage are, nevertheless, very relevant for insurers in the Netherlands, since such events are very common and hailstorm damage is mostly covered by insurance policies. Hailstorms can inflict damage on, for example, buildings, vehicles, caravans, greenhouses, and especially crops are very vulnerable (van Asseldonk et al. 2001) . Moreover, severe hailstorm events may disrupt traffic and increase the probability of car accidents. As a consequence, extreme hailstorms can result in insurance claims for vehicle, property, home furniture, crop/agriculture, casualty, and life/health insurers. A major hailstorm can cause considerable property damage. For example, a severe hailstorm in 1998 caused damage of approximately € 100 million in the Netherlands.
Some studies suggest that a strong positive correlation exists between hailstorm damage and minimum temperature as an approximate storm predictor in France and Switzerland (Dessens 1995; Willemse 1995) . These results suggest that a rise in minimum temperatures due to global warming may increase insured hailstorm damage. Results of Dessens (1995) indicate that hailstorm damage increases with about 40% when the mean minimum temperature increases with 1°C, using French insured crop damage and temperature data between 1946 and 1992. Botzen et al. (2009b) estimate the relation between a range of monthly indicators of temperature as well as precipitation and agricultural hailstorm damage for the Netherlands in different seasons, using insurance claims between 1990 and 2006. Separate models are estimated for hailstorm damage on outdoor farming and greenhouse horticulture. Results obtained with Tobit models indicate that climate change may increase hailstorm damage considerably, especially during the summer. In particular, estimates made under the KNMI climate change scenarios (Table 2) indicate that hailstorm damage on outdoor farming may increase in between 21 and 55% for the year 2050 and hailstorm damage on greenhouse horticulture may increase in between 76 and 223%.
Hailstorm damage is to a large extent influenced by changes in societal factors (Changnon 2001) . Damages are, for example, influenced by the amount of crops and number of greenhouses and their vulnerability. Insurers in cooperation with the agricultural sector could explore adaptation options that mitigate damage and are effective in terms of costs and benefits. An advantage of the undertaking of such measures is that the reduced risk will be beneficial both to the insurance companies and the farmers. Examples of mitigation measures that could be effective in limiting hailstorm damage on the farming sector are the placement of stronger glass or plastic in greenhouses and the protection of field crops with hail nets. Farmers may also adapt to larger damage expectations after consecutive experiences of large hailstorm damage, by switching to crops or agricultural modes that are less vulnerable to hailstorms.
Summary of current risk sharing arrangements for weather risks
The analysis provided in this section is summarized in Table 3 . It shows that a considerable proportion of the main climate risk categories is covered by private insurance companies. In particular, the effects of increased risks of extreme precipitation and flood damage to cars can be substantial. Further, insurers cover a large part of windstorm and hailstorm damage, which may be affected by climate change even though this is still uncertain. The major climate change related risk for the Netherlands is damage due to the collapse of dikes, due to either peak river discharges or storm surge levels. This is the largest threat in terms of potential damages, although probabilities are relatively low. This risk is currently carried by the government via the Calamities and Compensation Act (WTS). This arrangement does, however, not provide a right to compensation. Drought is another major risk for which no risk sharing arrangement is available. It should be noted that households and businesses would also face increasing climate losses apart from possible premium increases, due to deductibles and limitations on coverage.
The analysis so far has focused on possible increases in exposures due to climate change. But climate change can also have positive effects for the Dutch insurance sector. The probability of temperatures below zero is projected to decrease in the Netherlands. This may decrease frost damage to crops. As a result, claims from the agricultural sector can be expected to decrease since coverage of frost damage in certain time periods is included in some crop insurance policies, such as for potatoes, corn and beet farming.
There may be adverse consequences for the insurance sector in case the probability of rain at temperatures close to freezing increases, as this will increase the probability of ice storms, which occur when precipitation falls as rain and freezes upon contact with the earth. Ice storms have adverse economic consequences, for example, because they increase the likelihood of car accidents due to slippery roads. This augments losses for insurance companies that are active in the vehicle insurance market. Moreover, frost and ice storm losses due to business interruption for the transport sector are insured in the Netherlands. Ice storms can also impose significant damage on crops. It is not clear, though, whether this scenario is likely to occur in the Netherlands. The number of days with temperatures below zero is expected to decrease, while winter precipitation is expected to increase.
Possible responses by the insurance industry to climate change
The previous section has identified extreme weather events that may increase in frequency and severity due to climate change and are covered with insurance policies, such as extreme precipitation, hailstorms and windstorms. Adaptation strategies could limit the increase in risk. However, it is unlikely that adaptation and risk reduction will completely offset the increasing loss trends of natural disasters that have already been observed because of socioeconomic developments (see Sect. 2) and are likely to increase more rapidly due to climate change. It can be expected that the insurance sector will face increased weather risk in the future. There are several ways for insurers to respond to increased risks caused by climate change. Insurers can use four main traditional strategies to manage their exposure to natural hazards, namely insurers can limit their risk, adjust premiums, control the damage, and transfer the risk (e.g., Dlugolecki 2000). Insurers limit their risk by restricting payouts through upper and lower limits (deductibles) of liability or by imposing restrictions and exceptions in insurance contracts. For example, several restrictions and exceptions are included in insurance contracts that cover damage caused by extreme precipitation in the Netherlands. Insurers can further limit their exposure by not providing insurance against certain risks. For instance, Dutch insurance companies exclude coverage against damage caused by flooding. These measures transfer risks to businesses and households and increase pressure on governments to invest in flood prevention, and provide compensation if necessary (Botzen and van den Bergh 2008) . Excluding or limiting coverage may be regarded as undesirable since it decreases financial security of households, which lowers welfare of risk averse individuals. Increasing premiums is another strategy to deal with increased risks, which is commonly used after a major catastrophe event (e.g., Kunreuther et al. 2008) . A problem with raising premiums is that this often results in public and regulatory resistance and may result in decreased market share if competition is fierce.
Strategies that may not impair the availability and affordability of insurance could be implemented to cope with increased risks as well. Reinsurance-insurance coverage that primary insurance companies buy for their own risk-is commonly used to transfer risk. Another strategy for primary insurers is to diversify risks by operating in various insurance branches or in several geographical areas. Further harmonization of the European financial service market may foster robustness of the insurance sector to climate change by creating a larger geographically spread market. Also, insurance regulation and accounting standards are crucial factors that can support or hinder adaptation to climate change, but that has not been studied in detail yet. The allowance for insurance to efficiently build up sufficient catastrophe reserves to cover disaster losses is a particular example of regulation, which affects the adaptability of the financial sector. Large reinsurers are often better able to handle natural hazard risks as they are better equipped to diversify risks geographically due to operating in large global markets. Limitations of reinsurance are that in certain cases prices are considerably above actuarially fair levels and that coverage obtainable is restricted. This is especially the case after costly catastrophe events, such as major hurricanes in the USA, leading to available capital in reinsurance markets being limited (Kunreuther 2006) . High prices of reinsurance may be passed on to consumer via higher premiums. Another option for insurance companies is to hedge risks on capital markets using financial instruments, such as catastrophe bonds, options or futures. Such financial instruments can be used to help acquire funds at times when an insurance company suffers large losses. However, these markets have not adequately developed yet and their use in hedging large weather risks is still limited despite recent growth. These are expected to develop further in the near future (Michel-Kerjan and Morlaye 2008) .
Apart from these traditional measures to manage risk, the industry in collaboration with governments could promote long-term policies that limit global warming and its consequences. These greenhouse gas mitigation and adaptation policies may help to maintain the insurability of extreme weather risks. This involves undertaking and stimulating greenhouse gas emission reduction policies, investing in risk assessment research, building public awareness for climate change issues, and promoting adaptation strategies (Mills 1996 (Mills , 2007 White and Etkin 1997; Mills and Lecomte 2006) . This is likely to be a cost-effective strategy for insurance companies, given that their exposure to weather risks is significant. The whole insurance sector could benefit from mitigating climate change, implying that there is a rationale for (global) coordinated action. And indeed, insurance companies have since many years been at the forefront of advocating emission reductions.
Several Dutch insurers already have an active climate change policy. For example, Eureko Re offers micro-insurance products in developing countries, which are expected to suffer considerably from climate change impacts. The insurance company Achmea is a member of the Insurance Working Group (IWG) of the United Nations Environmental Programme Finance Initiative (UNEP FI), which stresses climate change-labeled as ''the most serious environmental risk facing society''-as a major sustainability issue (UNEP 2007) . Moreover, Dutch insurers are investigating to introduce ''pay as you drive'' insurance policies in cooperation with academics. With such insurance policies, car drivers pay higher insurance premiums when they drive more kilometers. This is expected to result in less driving, which lowers risks of accidents and corresponding insurance claims, while greenhouse gas emissions decrease as well. An assessment of such policies is beyond the scope of this paper. We refer to Mills (2007) for a detailed overview of insurers' responses to climate change around the globe. Interestingly, he finds that most activities within the insurance sector are at the moment focussed on the mitigation of greenhouse gas emissions, rather than adaptation and risk reduction.
Another strategy for insurance companies to reduce weather-related losses is to stimulate adaptation of societies to climate change impacts. This can involve the undertaking of loss-reducing measures at the policy holder level, by rewarding lower risk with lower premiums, higher coverage and lower deductibles (Freeman and Kunreuther 2003) . Moreover, providing information about how to reduce vulnerabilities of properties and establishing maximum thresholds of acceptable risks may be effective policies to reduce exposure to weather extremes (Ward et al. 2008) . For example, insurers could recommend fire or flood resistant building materials (Thieken et al. 2006) . Strategies of promoting costeffective investments by individuals or businesses can be beneficial to both the insurance companies and the insured parties and promote societal adaptation to climate change broadly. However, striking about the findings by Mills (2007) is that most efforts by insurance companies have been targeted at emission reduction and only very few at adaptation.
Conclusions
The frequency and severity of extreme weather events is likely to increase due to climate change, which is expected to increase insured and other economic losses caused by natural disasters. A considerable rise in damage caused by extreme weather can already be observed in the last decades. This rise in historical insured losses has been mainly caused by socioeconomic developments, such as increases in wealth and economic growth in vulnerable areas. In the future, the combination of societal change and climate change is expected to accelerate upward trends in economic losses due to extreme weather events. The projected rise in damage will have considerable effects on modern societies and the insurance sector in particular.
A thorough understanding of the effects of climate change on the insurance business is important for the sector in order to guarantee adequate pricing of insurance premiums and risk management. Current risk sharing arrangements for major weather risks in the Netherlands have been examined and several adaptation strategies have been suggested in this paper. A broad range of insurance arrangements that are affected by climate change can be identified. This requires adequate risk management strategies of insurance companies to handle increased risk. In particular the Dutch insurance sector is very vulnerable to the effects of climate change on extreme precipitation compared with other weather risk. Drought, and large scale flooding which has a smaller probability, have the ability to inflict much large damages but are not insured. Furthermore, insurers have considerable exposure to windstorms and hailstorms but the effects of climate change on the frequency and severity of these events are uncertain. Climate change also brings new business opportunities for the insurance sector, apart from increased exposure to risks under current arrangements. For example, extending crop insurance policies to cover drought damage in the form of a public-private partnership may be a viable arrangement to meet demand for compensation when severe drought periods become more frequent.
Increased exposure to weather risks of insurers indicates the importance of the undertaking of strategies to reduce insurer's vulnerability. This could involve traditional measures, such as limiting risks, raising premiums, transfer damage, or damage control. The first two measures may be undesirable, since they limit insurance availability and merely shift risk to households, businesses and the public sector. One could argue that insurers also have a societal responsibility not only to reduce their own risk but also to serve their clients and help them protect against unbearable financial consequences of major climate risks. Other strategies that reduce risk are also beneficial for insured, in the sense that they limit climate change losses and do not impair insurance availability, involves promotion of emission reduction and adaptation measures in cooperation with public agencies. In addition, insurance companies could stimulate the undertaking of cost-effective riskreducing adaptation measures at the policyholder level. Summarizing, climate change does not only pose challenges for the industry in the face of increasing risks. New business opportunities might emerge and the industry could foster transition toward climate resilient societies. This paper has examined the possible consequences of climate change for the Dutch insurance sector and provided some indicative estimates of the magnitude of effects. This analysis provides a basis for undertaking future research, which should focus on quantifying the individual climate change effects in more detail. This paper has provided a starting point for prioritizing different hazards and detailing the likelihood that they will change in frequency and severity in the Netherlands. For the purpose of further research, the insurance sector could work together with the academic research community. In particular, insurance companies could contribute detailed historical data on claims of damage caused by extreme weather. Currently, insurers often seem reluctant to share and jointly analyze such insurance claim and loss data, partly because of the competitive value of such data and maybe also because climate change is not considered a research priority by some insurers. These attitudes could change, when the sector recognizes the urgent need to assess their exposure to climate change, and when the projected increases in weatherrelated damage would materialize.
